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Abstract
The load bearing ability of articular cartilage is dependent on the integrity of the extracellular
matrix. The maintenance and repair of the tissue matrix by chondrocyte biosynthetic activities rely
on the movement of solutes through the matrix. To understand the factors which affect solute
transport through the articular cartilage, study of the transport properties of disaccharides through
adult steer articular cartilage explants was conducted. Cartilage disks were harvested from the
femoropatellar groove of adult steer. The tissue disks were mounted in a two compartment trans-
port chamber. Radiolabelled disaccharides were added to the upstream compartment, and changes
in radioactivity were monitored in the downstream compartment. Disaccharide diffusion coeffi-
cient of 4.49 + 1.13 X 10-6 cm 2/sec (mean+SD) was calculated using the measured steady state
diffusive flux and the measured partition coefficient of 1.12 + 0.52 (mean+SD). Electric current
densities were applied across the articular cartilage disks to induce electroosmotic fluid flow
within the tissue matrix. Application of negative current densities elevated the disaccharide flux
over the steady state diffusive flux by a factor of 2.36 + 1.15 (mean+SD), and application of posi-
tive current densities depressed the disaccharide flux under the steady state diffusive flux by a fac-
tor of 0.055 + 0.94 (mean+SD). Electromigration played the dominant role in solute flux during
current applications.
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Title: Professor of Electrical, Mechanical, and Bioengineering, M.I.T
Acknowledgments
My heartfelt appreciation to:
Alan Grodzinsky for your endless patience, encouragement, motivation, and inspiration. It has
been an honor and a pleasure to have been a part of the Continuum Electromechanics Lab.
Minerva Garcia, my mentor. Thank you for you guidance, advise, kindness, and friendship. I could
not have done this work without you.
Eliot Frank for debugging all my mysterious problems with the transport equipments. Your vast
knowledge on science and electronics amazes me.
Dr. Anna Plaas for providing me with the radiolabelled disaccharides.
Michelle Jen for laying down the ground work for my study, Nirav Bhakta for helping me with the
transport equipments, Jane Murray for introducing me to the laboratory basics, Ann Black for gen-
erously providing me with solutions for my experiments, and Linda Gragman for your spirit and
humor.
Steve for driving me to the slaughter house, Paula for being a wonderful TA in 6.561, Marc for
your eagerness to help with everything, Adil for helping me with FrameMaker, Larry for your
friendly inquires about my work, and everyone else in the Continuum Electromechanics Lab.
Sara for being a wonderful friend since high school, Winnie, Erin, Rachel, and Maryann for five
laughable years at MIT, Nitin for our thought provoking tea times, Jesse for showing me how to be
spontaneous, and Bill for your unconditional friendship.
Sang for your coaching and friendship, Caroline, Sue-ann, Betty, Betty, Arline, Tomoko, Nara,
Sharron, Maurice, Edwin, Steve, John, and John for all the fun times playing volleyball.
Kai Lee for your understanding, consideration, generosity, and sensitivity. You have made 1997 a
unforgettable year for me.
My parents for everything you have done for me in life.
-3-
Table of Contents
Abstract .............................................................................................................................. 2
Acknowledgments ................................................................................................................. 3
Table of Contents ................................................................................................................. 4
List of Figures.............................................................................................................................. 5
List of Tables ........................................................................................................................ 6
List of Symbols .................................................................................................................... 7
I Introduction .................................................................................................................... 9
1.1 Articular Cartilage .................................................................... ..................... 9
1.2 Articular Cartilage Composition and Structure ...................................... ..... . 10
1.2.1 Structural M acromolecules ............................................................ ............ 10
1.2.2 Tissue Fluid............................................... ................................................ 12
1.2.3 Chondrocytes .................................................................................................. 13
1.3 Previous Articular Cartilage Transport Research ...................................... .......... 13
1.3.1 Partition........................................................................................................... 13
1.3.2 Diffusion ...................................................................... ............................. 15
1.3.3 Electroosmosis ............................................................... ........................... 18
1.3.4 Convection .................................................................... ............................ 19
1.3.5 Electrical M igration ....................................................... 20
1.4 Objectives ................................................................................................................... 21
II Theoretical Considerations ................................................................................................ 22
2.1 M echanisms of Solute Transport through Articular Cartilage........................... .22
2.2 Electroosmosis in Articular Cartilage .................................................... 23
III M ethods ........................ ................................................................................................ 25
3.1 Articular Cartilage Dissection ..................................................... 25
3.2 Disaccharide Preparation ............................................................... ....................... 25
3.3 Chondroitin Sulfate Preparation .................................................... 27
3.4 Salt Bridge Preparation ............................................................... .......................... 27
3.5 Disaccharide Partition M easurements ..................................... ........... 27
3.6 Disaccharide Transport M easurements......................................... 28
IV Results ................................................................................................................................ 32
4.1 Disaccharide Partition M easurements ..................................... ........... 32
4.2 Disaccharide Transport M easurements......................................... 33
V Discussion ............................................................................................................................ 37
5.1 Disaccharide Partition M easurements ..................................... ........... 37
5.2 Disaccharide Transport M easurements....................................... 37
5.3 Future Research ................................................... 38
Appendix A Disaccharide Partition Measurements................... ....... 39
Appendix B Disaccharide Transport Measurements.................. ....... 46
Bibliography ........................................................................................ ............................. 56
-4-
List of Figures
1.1 Schematic of the articular cartilage........................................................................... 9
1.2 Schematic of the proteoglycan monomer................................................................ 11
1.3 Schematic of the chondroitin-6-sulfate disaccharide unit............................................... 12
1.4 Electroosmotic fluid flow across the articular cartilage............................. ......... 18
1.5 Fluid convections of neutral solutes through the articular cartilage ............................... 19
2.1 Schematic of electroosmotic flow induced in he articular cartilage by an electric field ... 24
3.1 Superose 6 chrom atography .............................................................. ........................... 26
3.2 ToyoPearl HW40S chromatography ...................................................................... 26
3.3 Schematic of the transport chamber ............................................................................. 29
4.1 Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport
m easurem ents #1 ................................................................................................................ 34
4.2 Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport
m easurem ents #2 ................................................................................................................ 34
4.3 Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport
m easurem ents #3 ................................................................................................................ 35
4.4 Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport
m easurem ents #4 ................................................................................................................ 35
4.5 Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport
m easurem ents #5 ................................................................................................................ 36
A.1 Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue for disaccharide partition measurement #1 .......................... 43
A.2 Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue for disaccharide partition measurement #2 .......................... 43
A.3 Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue for disaccharide partition measurement #3 ................. 44
A.4 Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue for disaccharide partition measurement #4 .................. 44
A.5 Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue for disaccharide partition measurement #5 .......................... 45
B.1 Plot of the downstream radiolabelled disaccharide CPM versus time from transport
m easurem ent #1 ................................................................................................................. 49
B.2 Plot of the downstream radiolabelled disaccharide CPM versus time from transport
m easurem ent #2 ................................................................................................................. 50
B.3 Plot of the downstream radiolabelled disaccharide CPM versus time from transport
m easurem ent #3 ................................................................................................................. 51
B.4 Plots of the downstream radiolabelled disaccharide CPM versus time from transport
m easurem ent #4 ................................................................................................................. 52
B.5 Plots of the downstream radiolabelled disaccharide CPM versus time from transport
m easurem ent #5 ................................................................................................................. 44
-5-
List of Tables
1.1 Partition coefficients of solutes between the articular cartilage and external solutions .... 14
1.2 Partition coefficients of GAG chains and aggrecan monomers between the articular
cartilage and external solutions ............................................................ 15
1.3 Diffusion coefficients of solutes in the articular cartilage ..................................... . 16
1.4 Diffusion coefficients of GAG chains and aggrecan monomers in the articular
cartilage ...... ....................................................................................................... 16
1.5 Net fluxes of negatively charged solutes through the articular cartilage ........................... 20
3.1 Disaccharide partition measurements .................................... ..... ................. 28
3.2 Disaccharide transport measurements .................................................................... 30
4.1 Calculated disaccharide partition coefficients between the articular cartilage and the
equilibrating m edium ............................................. ...................................................... 32
4.2 Calculated disaccharide diffusion coefficients in the articular cartilage ........................ 36
A. 1 Hydration and GAG content values of articular cartilage disks used in disaccharide
partition m easurem ent #1 ........................................... .................................................. 39
A.2 Hydration and GAG content values of articular cartilage disks used in disaccharide
partition m easurem ent #2................................................. ............................................ 40
A.3 Hydration and GAG content values of articular cartilage disks used in disaccharide
partition m easurem ent #3 ........................................................................................... 40
A.4 Hydration and GAG content values of articular cartilage disks used in disaccharide
partition m easurem ent #4................................................. ............................................ 41
A.5 Hydration and GAG content values of articular cartilage disks used in disaccharide
partition m easurem ent #5 ................................................. ............................................ 42
B. 1 Hydration and GAG content values of 200gpm thick articular cartilage disks used in
disaccharide transport measurement #1 .................................................................... ....... 46
B.2 Hydration and GAG content values of 200gpm thick articular cartilage disks used in
disaccharide transport measurement #2 ........................................................................... 47
B.3 Hydration and GAG content values of 200gim thick articular cartilage disks used in
disaccharide transport measurement #3 ................................................... 47
B.4 Hydration and GAG content values of 200glm thick articular cartilage disks used in
disaccharide transport measurement #4 ..................................... .... ................ 48
B.5 Hydration and GAG content values of 400p.m thick articular cartilage disks used in
disaccharide transport measurement #5 ................................................... 48
-6-
List of Symbols
CPM counts per minute
CS chondroitin sulfate
ECM extracellular matrix
EDTA ethylenedinitrilo tetraacetic acid
FCD fixed charge density
GAG glycosaminoglycan
HEPES N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
KS keratan sulfate
PBS phosphate buffered saline
PA polyacrylamide
PG proteoglycan
PMSF phenylmethylsulfonyl fluoride
A cross-sectional tissue area for transport
Cdi intratissue concentration of disaccharide
Cdi,u disaccharide concentration in the upstream bath
ci  concentration of solute i in the external solution
ci  intratissue concentration of solute i
cx  concentration of cation x in the external solution
cx  intratissue concentration of cation x
Cy concentration of anion y in the external solution
CY intratissue concentration of anion y
CPMd counts per minute of the downstream bath
ACPMd change in counts per minute of the downstream bath
ACPMd,cal counts per minute of the medium normalized to the medium volume
CPMm counts per minute of the medium normalized to the medium volume
CPMt  counts per minute of the tissue normalized to the water content of the tissue
Ddi disaccharide diffusion coefficient
Di  diffusion coefficient of solute i in water
Di intratissue diffusion coefficient of solute i
E electric field
F Faraday constant = 9.6487 X 104 coul/mol
J one dimensional electrical current density
J electrical current density
K partition coefficient
kil short circuit Darcy hydraulic permeability
k12, k21  electrokinetic coupling coefficients
k22 electrical conductivity
Kdi disaccharide partition coefficient
P fluid pressure
At change in time
U intratissue fluid velocity
U relative fluid velocity
V electrical potential
-7-
Vd downstream bath volume
Vu,cal upstream bath calibration volume
zi  valence of solute i
6 tissue thickness
tissue thickness
Edi disaccharide flux
Fi  flux of solute i
Ri valence of solute i
Pm fixed charge density of the tissue
-8-
Chapter I
Introduction
1.1 Articular Cartilage
Articular cartilage provides the low-friction wear-resistant bearing surface that distributes and
transmits loads to the underlying bone surface in the synovial joint. The ability of articular carti-
lage to withstand compressive, tensile, and shear forces is dependent on the composition and struc-
tural integrity of the extracellular matrix (ECM). A schematic of the articular cartilage is shown in
Figure 1.1. Constituents of articular cartilage are: structural macromolecules, abundant tissue
fluid, and chondrocytes. The maintenance and repair of functional ECM by chondrocytes in the
articular cartilage require the coordinated synthesis, assembly, and turnover of ECM macromole-
cules. As the articular cartilage matrix assembly proceeds, newly synthesized macromolecules
secreted by chondrocytes are transported through the matrix and become immobilized at their ulti-
mate destination; macromolecule fragments resulting from matrix degradation are transported out
of the matrix as waste products. Chondrocyte biosynthetic activities rely on the movement of sol-
utes through the matrix to and from the synovial fluid in the joint. Regulation of the metabolic pro-
cess involves a combination of electromechanical and physicochemical mechanisms. Variations in
environmental conditions and applications of various stimuli to the articular cartilage can lead to
elevation or depression of the matrix metabolism and turnover [3,5,6,13,14].
Figure 1.1: Schematic of the articular cartilage adapted from [2].
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1.2 Articular Cartilage Composition and Structure
1.2.1 Structural Macromolecules
Structural macromolecules, consisting of collagens, proteoglycans (PG), and noncollagenous pro-
teins, contribute 20% to 40% of the articular cartilage wet weight. Collagens contribute 50% of the
tissue's dry weight, proteoglycans contribute 30% to 35%, and noncollagenous proteins contribute
15% to 20% [12]. Collagen fibrils provide the articular cartilage with tensile and shear resistance;
proteoglycans, containing anionic charge groups at physiologic conditions, account for the signifi-
cant compressive strength of the articular cartilage; and noncollagenous proteins help to organize
and maintain the macromolecular structure of the articular cartilage EMC and the relationship
between chondrocytes and the tissue matrix.
Collagen The primary structure protein of the body is collagen. The collagen molecule con-
sists of three 300nm long and 1.5nm in diameter helical amino acid chains. The amino acid within
each chain is arranged in a helical pattern with 3.27 residues per turn [11]. Collagen, with its
chain-like molecular structure and extensive cross-linking, forms the cross-banded collagen fibril
network in the EMC. Different polypeptide chain amino acid sequences classify collagens into dif-
ferent types of molecules. The principle collagen of the articular cartilage is type II collagen,
accounting for 90% to 95% of the total articular cartilage collagen. Type II collagen establishes an
ordered relationship with PGs, thus creating and maintaining the highly hydrated matrix in the
articular cartilage. Intermolecular cross-linking of type II collage fibrils determines the tensile
strength of the collagen network and of the tissue. Type IX and XI collagens account for 3% of the
collagen in the articular cartilage. Type IX collagen contains collagenous and noncollagenous
domains. The molecular structure of type IX collagen provides the potential interface between the
collagenous framework in the tissue and the PG substance, and provides reinforcement and stabili-
zation of the type II collagen fibril network. Type XI collagen provides the formation of hetero-
typic fibrils with type II collagen molecules. Type VI and X collagens account for 1% of the
articular cartilage collagen. Type VI collagen, with its distinct cross-linking behavior, plays a role
in cell attachment. Type X collagen is associated with the hypertrophic zone in the growth plate
articular cartilage [1].
Proteoglycan Proteoglycan forms the major macromolecule of cartilage ground substance.
PG macromolecules exist in multiple forms: as nonaggregating PGs, as aggregating PG mono-
mers, and as aggregates containing multiple PG monomers. The aggregating PG monomer, shown
in Figure 1.2, consists of protein core filament with multiple covalently bound oligosaccharides
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and chondroitin and keratan sulfate chains. The protein core has three globular domains: two at the
N-terminal region, G1 and G2, and one at the C-terminal region, G3 [7]. Three different regions
are located along the protein core filament: the hyaluronate binding region, the keratan sulfate-rich
region, and the chondroitin sulfate-rich region. The hyaluronate binding region, at the GI domain,
has the ability to associate reversibly with the hyaluronic acid and the link protein. The keratan
sulfate-rich region, near the G2 domain, binds 60% of the total keratan sulfate found in the mole-
cule. The chondroitin sulfate-rich region, between the keratan sulfate-rich region and the G3
domain, binds 90% of the total chondroitin sulfate [1]. The keratan and the chondroitin sulfate-rich
regions, between the GI and the G2 domains, are the glycosaminoglycan-rich regions of the PG
unit. Glycosaminoglycans (GAGs) form from chains of negatively charged disaccharides, includ-
ing chondroitin-4-sulfates, chondroitin-6-sulfates, and keratan sulfate. A schematic of the chon-
droitin-6-sulfate disaccharide unit with ionized carboxyl and sulfate groups is shown in Figure 1.3.
Adjacent GAG chains, containing large number of negative charges, repel each other in the extra-
cellular matrix, and maintain the molecule in an expanded form. GAGs, chondroitin sulfates and
keratan sulfates contribute 95% of the molecule and proteins contribute 5%. In the EMC, aggre-
gating proteoglycan monomers associate noncovalently with hyaluronic acid filaments and link
proteins to form aggregates. Hyaluronic acids form the backbone of the aggregate. Link proteins
stabilize the association between monomers and hyaluronic acid filaments and play a role in
directing the assembly of aggregates [I I].
Hyalur
bindinc
Figure 1.2: Schematic of the proteoglycan monomer adapted from [7].
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Figure 1.3: Schematic of the chondroitin-6-sulfate disaccharide unit.
The PG is responsible for the most important characteristics of the articular cartilage. The abil-
ity of PG to interact with tissue fluid gives articular cartilage the stiffness for compression and
resilience and contributes to the durability of the tissue. The flexible, hydrophilic negatively
charged GAG chain gives the EMC a high swelling pressure. The PG aggregate network, interact-
ing with the collagen fibril network, ensures a low hydraulic permeability of articular cartilage.
Combining with the high water content of the articular cartilage, PG contributes to the tissue's
load-bearing property and low coefficient of friction. The selective behavior of the matrix to the
penetration of solutes is dependent on the concentration of negatively charged groups and the den-
sity of the PG network. Variations of the PG content and of electromechanical and physicochemi-
cal signals in the articular cartilage lead to changes in the behavior of the tissue.
Noncollagenous Proteins The link protein, the chondronectin, and the anchorin CII are non-
collagenous proteins in the articular cartilage. Chondronectin and anchorin CII both mediate adhe-
sion of chondrocytes to the molecular type II collagen framework of the ECM. The chondronectin
is located in the matrix and only binds to the collagen in the presence of chondroitin sulfates. The
anchorin CII is located in the pericellular space of the articular cartilage matrix directly adjacent to
chondrocytes, but not in the intercellular matrix [1].
1.2.2 Tissue Fluid
Tissue fluid, consisting of water with dissolved gases, small proteins, and metabolites, is the major
constituent of the articular cartilage as it contributes 60% to 80% of the wet weight of the tissue
[1]. The high water content of the tissue provides the matrix with a medium for solute transport.
The fluid content of the tissue is determined by the balance between the swelling pressure of the
PG network and the tension in the collagen network. While the collagen fibril network prevents
full expansion of PGs and thus diminishes water inflow, the GAG component regulates the intrafi-
billar water content with the osmotic pressure exerted over the surface of collagen fibrils. Since the
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tissue fluid is not contained within the cellular membrane, its volume, concentration, organization
and behavior depend on the balanced interactions between structural matrix molecules. Higher
water content is observed in the fibrillated articular cartilage, and lower water content in the artic-
ular cartilage is observed with aging. In the fibrillated tissue, the collagen network is damaged,
thus decreases the ability to restrain the PG's swelling pressure and increases the water content of
the tissue. The trend in a uniform decrease in the water content with aging is due to the greater
degree of cross-linking in the collagen fibril network, thus lowers the extensibility of the EMC and
decreases the water content of the cartilage [10].
1.2.3 Chondrocytes
Chondrocytes contribute 10% of the articular cartilage by volume. Material properties of the artic-
ular cartilage depend on the ECM, and the existence and maintenance of the matrix depend on
chondrocytes. Chondrocytes in the articular cartilage maintain the mechanically functional ECM
by regulating synthesis and degradation of matrix constituents. Chondrocytes have organelles
responsible for cell matrix synthesis, and additionally contain intracytoplasmic filaments, glyco-
gens, and cilia to regulate matrix turnover [1]. Chondrocyte synthetic function alters changes in
matrix composition and changes in tension on the cell membrane. Chondrocytes regulate and
repair ECM by secreting and interacting with factors mediating the matrix assembly. Cells prolif-
erate rapidly during articular cartilage formation and synthesize large volumes of the matrix. The
process slows down and the cell density decreases with maturation of the tissue. The decrease in
cell density and cell synthetic function limits the ability of chondrocytes to restore the damaged
cartilage matrix.
1.3 Previous Articular Cartilage Transport Research
1.3.1 Partition
The equilibrium concentration of a solute in the articular cartilage depends on three factors: the
concentration of the solute in the synovial fluid; the consumption or production of the solute by
chondrocytes in the tissue; and the distribution of the solute between the synovial fluid and the
articular cartilage [10]. The distribution of the solute between the articular cartilage and the exter-
nal solution is quantitatively described by its partition coefficient. The partition coefficient, K, is
defined as the ratio of the concentration of the solute in the tissue, ci, to the concentration of the
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solute in the external solution, ci. Partition coefficient is the measurement of the affinity of the sol-
ute towards the tissue. A partition coefficient of 1.0 indicates that the solute distributes itself in the
tissue the same as in the free external solution, a coefficient less than one indicates an exclusion of
the solute by the tissue, and a coefficient greater than one indicates an affinity for the solute by the
tissue. Factors that affect the partition coefficient of the solute in the articular cartilage are: the sol-
ute's size and shape, the solute's charge, and the fixed charge density (FCD) of the EMC. Table 1.1
lists Maroudas et. al.'s [10] partition coefficients for various solutes between the articular cartilage
and external solutions at FCD of 0.08 mEq g- 1 (34 mg/ml) and FCD of 0.16 mEq g-1 (68.3 mg/ml).
Table 1.2 lists Jen's [8] partition coefficients for GAG chain and aggrecan monomer between the
articular cartilage and external solutions at FCD of 20mg/ml, FCD of 30mg/ml, and FCD of 40mg/
ml.
MolecularSolute Weight (Da) FCD=34 mg/ml FCD=68 mg/mlWeight (Da)
Small neutral solutes
Tritiated water 18 1.0 1.0
Urea, proline 60 1.0 1.0
Glucose 180 1.0 0.9
Sucrose 380 1.0 0.9
Small cations
Na+  23 1.5 2.2
Ca2+  40 3 9
Small anions
C1- 35.5 0.75 0.53
SO42- 96 0.6 0.4
Large solutes
Serum albumin 69,000 0.01 0.001
IgG 160,000 0.01 0.001
Table 1.1: Partition coefficients of solutes between the articular cartilage and external solutions
adapted from [10].
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Solutes FCD=20 mg/ml FCD=30 mg/ml FCD=40 mg/ml
GAG chain 0.1-0.6 0.1-0.4 0.12-0.32
Aggrecan monomer 0.09-0.15 0.08-0.11 0.05-0.1
Table 1.2: Partition coefficients of GAG chains and aggrecan monomers between the articular
cartilage and external solutions.
The method for partition coefficient measurements used by Jen and Maroudas et al is [8,9]:
equilibration of the articular cartilage in the solution with the radioactively labelled solute in a
known amount of the unlabeled solute; then the digestion of the tissue, or the desorbtion of the
tracer by subsequent equilibration of the tissue with a series of unlabeled solutions. The partition
coefficient of the solute is calculated from the measured amount of tracer in the articular cartilage
and amount of the radiolabeled solute in the initial equilibrating solution.
Partition coefficients of small neutral solutes between the articular cartilage and external solu-
tions are close to unity and independent of the GAG content, thus implying that small solutes dis-
tribute equally between all of the cartilage water, either the water is inter- or intrafibillar water.
Small cations and anions have partition coefficients greater than and less than one respectively. For
cations, partition coefficients increase with the FCD; and for anions, coefficients decrease with the
FCD. The variation in partition coefficients of charged solutes with the FCD indicates that nega-
tively charged GAGs in the tissue's EMC interact with charged solutes, and are responsible for the
concentrations of charged solutes in the articular cartilage. Partition coefficients of large globular
solutes decrease with increasing molecular weight and with increasing FCD. Partition coefficients
of large globular solutes are more sensitive to variations in FCD than to variations in solute molec-
ular weight. For solutes larger than serum albumin, partition coefficients no longer decrease with
increasing sizes, thus indicating that the transport of these larger solutes occurs mainly through the
small population of pores much larger than the 90A average pore [10].
1.3.2 Diffusion
The rate of diffusion of a solute between the external solution and the articular cartilage is gov-
erned by three factors: the resistance of a stagnant liquid film at the articular cartilage/fluid inter-
face; the partition coefficient of the solute between the tissue and the external solution; and the
effective diffusion coefficient of the solute in articular cartilage [9]. Diffusion coefficients charac-
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terize mobilities of solutes. Table 1.3 lists Maroudas et. al.'s [10] diffusion coefficients for various
solutes in the articular cartilage, Di, and the ratios of diffusion coefficient of the solutes to that in
water, Di/D i. Table 1.4 lists Jen's [8] diffusion coefficients for GAG chain and aggrecan monomer
in the articular cartilage.
MolecularSolutes Weight (Da) Temperature Di (cm 2/s x 10-6) Di/DiWeight (Da)
Small neutral solutes
Tritiated water 18 80C 6-7 0.4-0.45
370C 12-14 0.4-0.45
Urea, proline 60 25 0C 6.0 0.4-0.45
Glucose 180 25 0C 2.4-2.7 0.4-0.45
Sucrose 380 25 0C 1.9-2.1 0.4-0.45
Small cations
Na+  23 250C 4.8-5.5 0.4
Ca2+  40 250C 1.5 0.25
Small anions
Cl- 35.5 25 0C 7.5-8.5 0.4-0.45
S042- 96 370C 2.8-3.5 0.4-0.45
Large solutes
Serum albumin 69,000 80C 0.1 0.25
250C 0.16
IgG 160,000 80C 0.5 0.2
Table 1.3: Diffusion coefficients of solutes in the articular cartilage adapted from [10].
Solutes Temperature Di (cm 2/s x 10-8)
GAG chain 200C 0.496-1.23
Aggrecan monomer 200C 8.58-10.6
Table 1.4: Diffusion coefficients of GAG chains and aggrecan monomers in the articular cartilage.
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Two methods for diffusion coefficient measurements used by Jen [8] and Maroudas et al [9]
are: the permeability method and the sorption-desorption method. The permeability method uses
the articular cartilage as a membrane between two separate chamber of solutions: one solution
contains the radiolabelled solute of interest, and the other solution contains none. The flux of a
given solute across the membrane is measured by monitoring the radiolabelled solute in the origi-
nally non-radiolabelled solution. The diffusion coefficient of the solute is then calculated using the
flux measurement and the partition coefficient [4]. The sorption-desorption method equilibrates
the articular cartilage in solution with the radiolabelled solute. The tissue is desorbed in a series of
solutions without the radiolabelled solute until no further tracer is left in the desorbate solution.
Diffusion coefficient is then predicted with the total amount of radiolabelled solute desorbed as a
function of time [4].
The ratios of diffusion coefficients of small neutral solutes in the articular cartilage and in free
solution are between 0.4 and 0.45. The reduction in diffusion coefficients in the articular cartilage
as compared with the free solution is due to the reduction in the effective area available to diffus-
ing molecules, and the increase in the diffusion path obstruction provided by solid constituents of
the matrix. As observed previously in small neutral solutes, small cations and anions in the articu-
lar cartilage have diffusion coefficients equal to 25%-45% of diffusion coefficient values in the
free solution. Due to the existence of electrostatic interactions between ions and negatively
charged GAGs: cations have lower Di/Dis and anions have higher Di/Dis than small neutral sol-
utes. The ratio Di/Di of Ca2+ is 25%, 10%-20% lower than the D/D of Cf1. Interactions between
small charged solutes and negatively charged GAGs, however, are relatively weak. Thus, for sol-
ute that is small in comparison with the cross-sectional area of pores in the EMC, the movement of
the solute is governed mainly by free diffusion, and the ratio of the diffusion coefficient in the tis-
sue to that in the water being dependent mainly on the water content of the tissue and the density
of the EMC [9]. The diffusion coefficients of large globular solutes, whose dimensions are signifi-
cant in relation to the tissue pore size, depend not only on frictions between solutes and the solvent
but also on frictions between solute molecules and solid elements in the matrix. Maroudas et. al.
[10] observed that diffusion through the articular cartilage diminishes with increasing size of sol-
utes. Once the interactions between the solute and the matrix are significant, however, more than
just the molecular size of the solute effects its diffusion. The shape of the solute, the FCD of the
tissue and the heterogeneous matrix pore structure effect the transports of large solutes through the
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articular cartilage more than for small solutes. Thus, for large solutes, mobilities are governed
mainly by partition coefficients rather than diffusivities.
1.3.3 Electroosmosis
Electroosmosis is the fluid flow occurring through a charged solid medium in contact with an elec-
trolyte solution in response to an applied electric field. Application of an electric field across the
charged membrane causes migration of predominate mobile counterions within the membrane.
The momentum of counterions is then transferred to the surrounding fluid due to viscous interac-
tions. The magnitude and direction of the induced electroosmotic fluid flow in the articular carti-
lage depend on the value of the applied electric field and the fixed charge density of the tissue.
Figure 1.4 shows Garcia's [2] measurements of electroosmotic fluid flow across the articular carti-
lage for applied current density, J, of -10, 0, 10, 20, and 30 mA/cm2
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Figure 1.4: Electroosmotic fluid flow across the articular cartilage adapted from [2].
The method for electroosmosis measurements used by Garcia [2] uses the articular cartilage as
the partition between two separate chamber of deaerated saline solutions. One of the chambers is
air-tight and connected by capillary tubing to a beaker positioned on a microbalance. Various
steady current densities are applied for 20 minutes at each level. The net flux flow across the mem-
brane is then measured by monitoring the weight of the beaker. The increase in weight versus time
is normalized to the total exposed tissue area to calculate the intratissue fluid velocity at each cur-
rent density.
The induced fluid flow through the articular cartilage, containing negatively fixed charge den-
sity, is in the same direction of the applied current density. The electroosmotic fluid velocity within
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the articular cartilage is found to increase linearly with applied current density. A change in polar-
ity of the applied current reverses the direction of the measured fluid flow, however, does not
change the magnitude of the fluid velocity.
1.3.4 Convection
Convective flux reflects the motion of the medium in solute transport. The rate of fluid convection
in the articular cartilage is governed by the intratissue concentration of the solute and the intratis-
sue fluid velocity induced by the applied electric field. For solute transport in the negatively
charged membrane, the direction of convective electroosmotic fluid flow is in the direction of the
applied electric field. For solute transport in the positively charged membrane, the direction of
convective electroosmotic fluid flow is in the opposite direction of the applied electric field. Figure
1.5 shows Garcia's [2] measurements of electroosmotic fluid convections of neutral solutes
through the articular cartilage with applied current density of +26 mA/cm 2. The solute flux in the
presence of current is normalized to the solute flux in the absence of current.
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Figure 1.5: Fluid convections of neutral solutes through the articular cartilage adapted from [2].
The method for fluid convection measurements used by Garcia [2] uses the articular cartilage
as the partition between two separate chamber of solutions: one solution contains the radiolabelled
neutral solute of interest, and the other solution contains none. After steady state diffusion of the
solute is obtained, current density of + 26 mA/cm 2 is applied across the membrane to induce
intratissue fluid velocity. The net fluid flow of the neutral solute across the membrane is then mea-
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sured by monitoring the radiolabelled solute in the originally non-radiolabelled solution. For the
neutral solute, electrical migration has no contribution to solute transport, thus any change in the
solute flux from the steady state diffusion is caused by convection. The net flux flow is then a
direct measure of the relative contributions of convection and diffusion to the total solute flux.
The ratios of solute flux in the presence of positive current to the flux in the absence of current
increase with increasing solute size. Solute diffusivity within the articular cartilage decreases as
solute size increases, and ratio of fluid convection to diffusion becomes larger. Thus, the relative
contribution of fluid convection is more significant for larger solutes than smaller solutes.
1.3.5 Electrical Migration
Electrical migration flux reflects the motion of ions in solute transport. The value of electrically
induced migration depends on electrophoretic flow of the solute. Electrophoresis is the movement
of solute through electrolyte solution in response to an applied electric field: cations migrate
towards the cathode and anions migrate towards the anode. The direction of electrophoretic flow is
determined by the charge of the solute and the direction of the applied electric field. For negative
solute transport in the articular cartilage, the direction of electrical migration opposes the convec-
tive electroosmotic fluid flow. For positive solute transport in the articular cartilage, the direction
of electrical migration enhances the convective electroosmotic fluid flow. Table 1.5 lists Jen's [8]
measurements of net fluxes of the negatively charged GAG chain and the aggrecan monomer
through the articular cartilage with applied current densities of -26 and +26 mA/cm2
Solutes Flux (CPM/minute)
Current density 0 mA/cm 2  -26 mA/cm 2  +26 mA/cm 2
GAG chain 0.005 0.3 -0.09
Aggrecan monomer 0.06 1.2 -0.4
Table 1.5: Net fluxes of negatively charged solutes through the articular cartilage.
The method for electrical migration measurements used by Jen [8] uses the articular cartilage
as the partition between two separate chamber of solutions: one solution contains the radiolabelled
charged solute of interest, and the other solution contains none. After steady state diffusion of the
solute is obtained, current densities of -26 and +26 mA/cm 2 were applied separately across the
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membrane. The net flux flow of the solute across the membrane is then measured by monitoring
the radiolabelled solute in the originally non-radiolabelled solution.
The net fluxes of the GAG chain and the aggrecan monomer increase in the direction of diffu-
sive flow with an applied negative current density of -26 mA/cm2, and the net fluxes increase in
the opposite direction of diffusive flow with an applied positive current density of +26 mA/cm2
The increases in the magnitude of net fluxes of the GAG chain and the aggrecan monomer are
higher for the application of negative current densities than the application of positive current den-
sities. For the negative current density application across the articular cartilage, diffusive and elec-
trical migration fluxes are in the opposite direction of the applied current, while convective flux is
in the same direction of the applied current. For the positive current density application, diffusive
and convective fluxes both are in the same direction of the applied current, while electrical migra-
tion flux is in the opposite direction of the applied current. Thus, electrical migration flux, being
the most significant component in the transport of GAG chain and the aggrecan monomer in the
articular cartilage, is large enough to counter both diffusive and convective fluxes and to dominate
the directions of net solute flux.
1.4 Objectives
The objective of the thesis is to characterize the bulk transport of CS GAG disaccharide through
articular cartilage by: (1) measuring partition coefficient of disaccharide between articular carti-
lage and external solution, (2) quantifying the steady-state, diffusive flux of disaccharide through
articular cartilage, and (3) measuring the effect of an applied electric field on the disaccharide dif-
fusive flux in articular cartilage.
An understanding of the factors which affect solute movement through the articular cartilage
matrix will help in understanding the role of the in solute transport under physiological conditions.
Measurements of transport rate of the solute will enable the identification of the rate of delivery of
therapeutic agents into pathologic tissues. Characterization of bulk transport of the solute through
the matrix would also enable better interpretation of cartilage pathology.
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Chapter II
Theoretical Considerations
2.1 Mechanisms of Solute Transport through Articular Cartilage
Solute transport through the articular cartilage consists of three mechanisms: diffusion, electrical
migration and convection [3]. The Nernst-Planck solute flux equation is:
Fi= - D i  a + iliiE + cU
where Fi is the flux of solute i (moles/cm 2 sec), 0 is the tissue porosity, Di is the diffusion coeffi-
cient of solute i in articular cartilage (cm2/sec), ci is the intratissue concentration of solute i
(moles/cm 3), zi is the valence of solute i, ýi is the mobility of solute i (cm 2/volt sec), E is the elec-
tric field (volt/cm), and U is the intratissue fluid velocity (cm/sec) with the Einstein ionic diffusiv-
ity and mobility relationship:
D, RT
•1i  FZi F
where the Faraday constant F is 96,500 coulombs/mole, incorporate all three transport mecha-
nisms to represent the one dimensional molar solute flux of a given ionic species moving through
the articular cartilage. The ionic mobility and diffusivity relationship is a function of temperature
alone. At room temperature of 25 0C, D1i/gi equals to 25.7/IzI mV [3].
The articular cartilage matrix, containing fixed negatively charged groups, creates a Donnan
potential across the interface when the tissue is in an electrolyte solution. The Donnan equilibrium
partition relationship gives boundary conditions for the Nernst-Planck equation to model the
mobile ionic solute transport and concentration within the articular cartilage. The intratissue ionic
concentrations are related to the external concentrations by the Donnan equilibrium partition:
S== - = constant
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where the x refers to cations and the y refers to anions. Combining ionic concentrations with the
concentration of tissue's fixed charge groups, electroneutrality of the tissue is satisfied when:
Pm/F + zc,= 0
where Pm is the fixed charge density of tissue.
2.2 Electroosmosis in Articular Cartilage
The presence of the negative fixed charge density in articular cartilage gives rise to the electrome-
chanical transduction behavior of the tissue. The flux of mobile ions is related to the current den-
sity, J, by:
J = Ji = F zF i,
where F is the Faraday constant. The electromechanics of transduction properties of the tissue are
modeled using macroscopic non-equilibrium thermodynamic relations of DeGroot and Mazur:
-k I kl2 P
k21 -k22 V V
where P is the fluid pressure, V is the electric potential, kll is the short circuit Darcy hydraulic per-
meability, k22 is the electrical conductivity, and k12 and k2 1 are the coupling coefficients. kl2 and
k21 are equal and defined as negative for tissues with negative fixed charge density [3].
Electroosmotic flow occurs in the articular cartilage when an electric field is imposed across
the tissue. A Schematic of electroosmotic flow induced in the articular cartilage by an applied
electric field is shown in Figure 2.1. Positive counterions predominate within the Debye length of
the membrane containing immobilized negative charge distribution. The application of an electric
field across the membrane causes migration of the mobile ions due to electrophoretic forces. The
imbalance between the migration of cations towards the cathode and the anions towards the anode
results in a net momentum transfer to the solvent, and thus induces convective fluid flow in the tis-
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sue in the direction of the applied electric field. The direction and magnitude of the induced fluid
flow depend on the value of the applied field, the fixed charge density of the tissue and the size,
charge, and concentration of the transporting solute.
FLUID VELOCITY
+0- -0-
Figure 2. 1: Schematic of electroosmotic flow induced in the articular cartilage by an electric field
adapted from [2].
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Chapter III
Methods
3.1 Articular Cartilage Dissection
Articular cartilage tissues used in experiments were harvested from the femoropatellar groove of
adult steers purchased from Bertolino Beef, Boston, MA. Cylindrical cores 9mm in diameter were
drilled out from the joints. The cores were individually clamped on a sledge microtome and posi-
tioned so that the top surface of the core was parallel to the microtome blade. Slices of superficial
cartilage were removed from each core to obtain a flat top cartilage surface. Plane parallel disks of
200gm or 400gm thickness were then obtained and punched to 3mm or 9mm in diameter.
Throughout the dissection process, tissues were maintained cold over ice and hydrated with 0.1 5M
phosphate buffered saline (PBS) supplemented with 2mM EDTA plus I ml/100ml dilution of peni-
cillin (100 U/ml), streptomycin (0.1 mg/ml) and amphotericin B (0.25 gg/ml). All tissues were
maintained in the phosphate buffered saline solution at 40C overnight.
3.2 Disaccharide Preparation
35S-sulfate labelled chondroitin sulfate disaccharides were generously provided by Doctor Anna
Plaas. Four 100mm plates of rat chondrosarcoma cells were radiolabelled with 50 gCi/ml 35S-sul-
fate in 10ml of DMEM/10% FCS for 24 hours. The medium was removed, and the cell layers were
digested with 10 tl of papain in 5ml of 50mM sodium acetate, pH 5.5, at 370C for 18 hours. GAGs
were precipitated with 95% ethanol and the precipitates dried. Pellets were dissolved in 5001tl of
500mM ammonium acetate, pH 7.0, and chromatographed on Superose 6. Figure 3.1 shows the
Superose 6 chromatography. Fractions 16 to 26 were pooled, lyophilized, washed with water and
relyophilized. Relyophilized solutes were dissolved in 800gl of 0.IM sodium acetate, pH 7.4,
digested with 500 mUnits of chondroitinase ABC at 370C for 4 hours, and spun through a Micro-
con 3 filtration step. The specific activity of the product was measured as 5.5 X 106 CPM per
6.0mg of disaccharide. The product was then neutralized on ice with glacial acetic acid, speed-
vaced, and washed two times with 500gl of ice cold methanol. The reduced solute was chromato-
graphed on ToyoPeral HW40S in 500mM ammonium acetate at pH 7.0. Figure 3.2 shows the
ToyoPearl HW40S chromatography. Fractions 45 to 51 were pooled, frozen, lyophilized, washed
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with water, and relyophilized. The radioactivity associated with the final disaccharide content was
reported as 300 X 106 CPM.
Fraction #
Figure 3.1: Superose 6 chromatography.
Fraction #
Figure 3.2: ToyoPearl HW40S chromatography.
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3.3 Chondroitin Sulfate Preparation
Chondroitin sulfate C from Sigma was processed to remove salts and low molecular weight frag-
ments. The chondroitin sulfate were papain digested overnight. The digested solute was boiled for
15 minutes, and then centrifuged at 5000G for half a hour. Supernatants were transferred into a
vial, dissolved with 2 volumes of 0.1M sodium acetate in 100% ethanol, and spun at 5000G for 15
minutes. Supernatants were then removed and discarded. Pellets were lyophilized overnight, and
finally dissolved in 0.15M PBS with 2mM EDTA. The final concentration of chondroitin sulfate
was 20 mg/ml.
3.4 Salt Bridge Preparation
Salt bridges were made of cross-linked polyacrylamide (PA) using electrophoresis grade acryla-
minde and N,N'-methylene-bis-acrylaminde crosslinker. The crosslinker content was 2.7% of the
total monomer and the total monomer concentration was 10% in solution. One salt bridge consists
of: 0.5g of 37.5:1 acrylaminde/N,N'-methylene-bis-acrylaminde crosslinker from Bio-Rad dis-
solved in 5ml of water, plus 3.3ul of 40% ammonium persulfate and 3.3ul of TEMED as initiators.
The salt bridge was cast in a plexiglass tube with two layers of dialysis membrane secured to the
bottom end with Teflon tape. A thin layer of water was gently applied over the surface with a Pas-
teur pipet to prevent oxygen from inhibiting the polymerization initiators. The salt bridge was left
to polymerize at room temperature for 3 hours, and then it was stored in 1.5M of sodium chloride
at 40C.
3.5 Disaccharide Partition Measurements
Articular cartilage disks with thickness of 200gm or 400jim and diameter of 3mm or 9mm were
obtained. Wet weight and thickness measurements were taken for every tissue disk. The tissues
were then divided into various conditions, and equilibrated in PBS solutions containing 35S-sulfate
labelled disaccharides supplemented with proteinase inhibitors and 20 mg/ml of chondroitin sul-
fate. The proteinase inhibitor cocktail consisted of: 0.1mM of PMSF in isopropanol, 0.5mM of
Benzamidine-HCI in ethanol, and 2mM of EDTA. Equilibration conditions varied with the tem-
perature, the equilibration time and the desorption time. Table 3.1 lists five different disaccharide
partition measurements conducted.
Tissue disks were removed from media after the equilibration and desorption period, washed
briefly in PBS, patted dry, and measured for wet weights. Tissues were then lyophilized, weighed
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dry and digested with papain solution, pH 6.0 at 600C for 12 hours. The papain digestion solution
consisted of: 125 gLg/ml papain, 0.1M sodium phosphate, 5mM of Na2-EDTA, and 5mM cysteine-
HC1. Aliquots of the digests and equilibrating solutions were assessed for radioactivity by liquid
scintillation counting. GAG assays were performed on the digests.
Measurement Diameter Thickness Temperature Equilibration Desorption
# (mm) (gm) (oC) time time
1 3 200 37 24 hours 0 4
48 hours 4
2 9 200 37 24 hours 0 4
48 hours 4
3 9 400 37 48 hours 0 4
20 4
4 3 400 20 72 hours 0 5
96 hours 5
5 9 400 20 24 hours 24 hours 5
48 hours 48 hours 5
Table 3.1: Disaccharide partition measurements.
3.6 Disaccharide Transport Measurements
The transport apparatus, shown in Figure 3.3, consisted of two compartments separated by a
partition. The partition, with five circular apertures, mounted up to five cartilage disks of 9mm in
diameter. Tissue area exposed to solute transport after mounting was 0.38cm 2 per cartilage disk.
Rubber gaskets and o-rings were used to mount various thickness of cartilage disks onto the parti-
tion, and to provide a tight seal between the two transport compartments. Transport between the
upstream bath and the downstream bath was ensured to occur only through the cartilage tissue
after the plexiglass transport apparatus were assembled.
Cooling coils and temperature probes were immersed in the bath of both compartments to
maintain solutions at 200C. The cooling coils were consisted of circulated refrigerated potassium
dichromate solution in teflon tubes. A HAAKE A81 refrigerated circulator was used to maintain
the potassium dichromate at a steady temperature of 200C. The temperature probes were used to
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monitor the temperature of the baths. Fluid in both baths was magnetically stirred to maintain
homogeneity, and to minimize stagnant layer effects on transport. Platinum electrodes were used
to apply current densities across the tissue disks mounted in the transport chamber. The electrodes
were immersed in PBS solution supplemented with 25mM HEPES in contact with salt bridges.
The salt bridges were immersed in the upstream and downstream bath during current applications.
The downstream bath was continuously recirculated at approximately 1 ml/minute through a cal-
cium-fluoride salt, solid scintillant cell in a Radiomatic Flo-One detector by Packard Instrument
Company, Meriden, CT. The detector was used to monitor the radioactivity in the solid scintillant
cell and to interface with a computer that sampled and recorded the radioactivity data every six
seconds.
Salt Bri
Electrc
Cooling
Coil
Figure 3.3: Schematic of the transport chamber adapted from [8].
Articular cartilage disks with thickness of 200pm or 400jtm and diameter of 9mm were
obtained. Wet weight and thickness measurements were taken individually for every tissue disk.
The transport chamber was assembled with five tissue disks, and both chamber compartments
were filled with 50ml of PBS solution supplemented with proteinase inhibitors and 20 mg/ml of
chondroitin sulfate. The chamber was checked for leakage, and one hour of background radioac-
tivity measurement of the downstream bath was made. The 35S-sulfate labelled disaccharides were
then added to the upstream bath, and the steady state diffusion was obtained. A radioactive disac-
charide concentration calibration was performed by transferring a known aliquot volume Vu,cal
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from the upstream bath into the downstream bath, and measuring the increase in downstream
radioactivity ACPMd, cal. The upstream radiolabelled disaccharide concentration, cdi,u, was then
calculated as:
ACPMd, cal Vd
Cdi, uV 
, cal
u, cal
where Vd is the volume of downstream bath. Various current densities were applied across the
articular cartilage. The pH of the solution in both compartments was monitored with litmus paper
to be within pH 6-7 during current applications. Table 3.2 lists the five different disaccharide trans-
port measurements conducted.
Measurement # Thickness (jim) Vu,cal ([l) n
1 200 500 5
2 200 500 5
3 200 500 5
4 200 500 5
5 400 1000 3
Table 3.2: Disaccharide transport measurements.
Current densities were applied across the articular cartilage in the five disaccharide transport mea-
surements as follows:
1. Current densities in the sequence of -26 mA/cm2, +26 mA/cm 2, and -26 mA/cm 2 were
applied for 75 minutes at each level. The time between each current application was at
least 65 minutes.
2. Current densities in the sequence of -26 mA/cm2, +26 mA/cm 2, -26 mA/cm 2, and +26 mA/
cm 2 were applied for 55 minutes at each level. The time between each current application
was at least 25 minutes.
3. Current densities in the sequence of -26 mA/cm 2, -26 mA/cm2, -26 mA/cm 2, +26 mA/cm 2,
+26 mA/cm2 , and +26 mA/cm2 were applied for 40 minutes at each level. The time
between each current application was 40 minutes.
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4. Current densities in the sequence of -16 mA/cm 2, +16 mA/cm 2, -26 mA/cm 2, +26 mA/cm 2,
-36 mA/cm 2, +36 mA/cm 2, -16 mA/cm 2, +16 mA/cm 2, -26 mA/cm 2, +26 mA/cm 2, -36
mA/cm2 , and +36 mA/cm2 were applied for 35 minutes at each level. The time between
each current application was at least 50 minutes.
5. Current densities in the sequence of -16 mA/cm 2, +16 mA/cm 2, -26 mA/cm 2, +26 mA/cm 2,
-36 mA/cm2 , and +36 mA/cm2 were applied for 30 minutes at each level. The time
between each current application was one hour.
Articular cartilage slices were removed from the transport chamber after the transport mea-
surements, rinsed with PBS solution, lyophilized, weighed dry, and papain digested. Aliquots of
the upstream and downstream baths were assessed for radioactivity by liquid scintillation count-
ing. GAG assays were performed on the digests.
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Chapter IV
Results
4.1 Disaccharide Partition Measurements
The disaccharide partition coefficient between the articular cartilage and the equilibrating medium,
Kdi, was calculated as:
CPMm
where CPMt is the total counts per minute of radiolabeled disaccharide in the tissue normalized to
the water content of the tissue, and CPMm is the total counts per minute of radiolabeled disaccha-
ride in the equilibrating medium normalized to the medium volume. Table 4.1 lists the calculated
disaccharide partition coefficients.
Measurement # CPMt (105) CPMm (105) Kdi Kdi + SD Kdi + SD
1 24 hours 11.5 21.62 0.53 370C 1.12 + 0.52
48 hours 12.10 23.90 0.51 0.85 + 0.51
2 24 hours 17.02 23.12 0.74
48 hours 15.65 24.44 0.64
3 370C 6.96 3.77 1.85
200 C 7.23 3.76 1.92 200 C
4 72 hours 2.24 2.30 0.97 1.38 + 0.39
96 hours 1.89 2.07 0.91
5 24 hours 1.19 0.72 1.65
48 hours 1.01 0.70 1.44
Table 4.1: Calculated disaccharide partition coefficients between the articular cartilage and the
equilibrating medium.
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4.2 Disaccharide Transport Measurements
The steady state diffusion of disaccharide through the articular cartilage results in a linear increase
of radioactivity, CPMd, in the downstream compartment. The steady state disaccharide diffusive
flux, Fdi, was then calculated from the change in downstream concentration, ACPMd, during a
time interval, At, as:
ACPMd Vd
di= At A
where Vd is the volume of downstream compartment, and A is the total cross-sectional tissue area
exposed to disaccharide transport. Plots of the downstream radiolabelled disaccharide CPM versus
time from the five transport measurements are shown in Appendix B. Figure 4.1, 4.2, 4.3, 4.4, and
4.5 show plots of the measured disaccharide flux in the articular cartilage normalized to the steady
state diffusive flux in the presence of current application versus applied current density for disac-
charide transport measurements #1, #2, #3, #4, and #5 respectively. The disaccharide diffusion
coefficient in the articular cartilage, Ddi, was calculated by equating the measured disaccharide
steady state diffusive flux, Fdi, to the first term of the Nernst-Planck solute flux equation:
cdi (X t)F =di Ddi x
with
cdi (X, t) Kdicu KdiACPMd, calVd
ax Vu, cal
where 6 is the tissue thickness, and Kdi is the calculated disaccharide partition coefficient. The dis-
accharide diffusion coefficient in the articular cartilage, Ddi, was then calculated as:
1 -Vu,cu ( ACPMd
i KdiAACPMd, cal
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Table 4.2 lists the calculated disaccharide diffusion coefficients for each measurements. Hydration
and GAG content values of the articular cartilage disks are listed in Appendix B.
4
II 3
X*ý
x 2
O -1
-2L-
-2
0 -16 +16 -26 +26
Current density (mAlcm 2)
-36 +36
Figure 4.1: Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport measurements
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Figure 4.2: Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport measurements
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Figure 4.3: Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport measurements
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Figure 4.4: Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport measurements
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Figure 4.5: Plots of the measured disaccharide flux in the articular cartilage normalized to the
steady state diffusive flux versus applied current density for disaccharide transport measurements
#5.
Measurement ACPMd / Ddi D + SD
# ACPMd,cal At (CPM/sec) (10-6 cm 2/sec) (10- cm2/sec)
1 778.85 0.059 3.93 4.49 + 1.13
2 604.92 0.058 4.98
3 53.59 0.0033 3.21
4 138.83 0.010 3.90
5 69.87 0.0013 6.45
Table 4.2: Calculated disaccharide diffusion coefficients in the articular cartilage.
Application of negative current densities across the articular cartilage elevated the disaccha-
ride flux over the steady state diffusive flux by a factor of 2.36 + 1.15 (mean+SD), and application
of positive current densities depressed the disaccharide flux under the steady state diffusive flux by
a factor of 0.055 + 0.94 (mean+SD).
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Chapter V
Discussion
5.1 Disaccharide Partition Measurements
In the five disaccharide partition measurements: no dependence was observed between the disac-
charide partition coefficient and the tissue hydration, nor was the dependence observed between
the disaccharide partition coefficient and the GAG content of the tissue. Hydration and GAG con-
tent values of the articular cartilage disks are listed in Appendix A. Plots of the calculated disac-
charide partition coefficient versus tissue hydration and plots of the calculated disaccharide
partition coefficient versus GAG content of the tissue are shown in Appendix A. The calculated
disaccharide partition coefficient of 1.12 + 0.52 (mean+SD) was higher than both the GAG chain
partition coefficients and the aggrecan monomer partition coefficients calculated by Jen [8]
between the articular cartilage and external solutions with fix charge densities of 20 mg/ml.
The disaccharide has a higher equilibrium uptake by the articular cartilage than the GAG
chain and the aggrecan monomer, due to the smaller size of disaccharide. Due to the Donnan
potential created across the negatively charged articular cartilage matrix and the also negatively
charged disaccharide, one would predict a less than one partition coefficient for the disaccharide.
The calculated disaccharide partition coefficient for partition measurements conducted under 370C
was 0.85 + 0.51 (mean+SD), less than one; however, the calculated disaccharide partition coeffi-
cient for partition measurements conducted under 200C was 1.38 + 0.39 (mean+SD), greater than
one.
5.2 Disaccharide Transport Measurements
The calculated disaccharide diffusion coefficients, 4.49 + 1.13 X 10-6 cm 2/sec (mean+SD), in
the articular cartilage was 10 times higher the GAG chain coefficients and 100 times higher than
the aggrecan monomer coefficients calculated by Jen [8]. The effect of applied current densities on
the disaccharide flux in the articular cartilage was not as significant as the effect of applied current
densities on the GAG chain flux nor the aggrecan monomer flux measured by Jen [8]. The electro-
phoretic component of disaccharide flux during current application was not as significant as of the
GAG chain flux and the aggrecan monomer flux in the articular cartilage to dominate the direction
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of net flux, however, the electrical migration flux was still the most significant component in the
transport of disaccharide.
The disaccharide has a larger diffusion coefficient and a smaller fluctuation in flux with
applied current densities than the GAG chain and the aggrecan monomer in the articular cartilage,
due to the smaller size of disaccharide.
5.3 Future Research
Disaccharide transport through the articular cartilage was studied by measuring the disaccharide
partition coefficient and diffusion coefficient. The separation of the contributions to disaccharide
transport of convection and electrophoretic migration from the effects of matrix consolidation as
occurs during mechanical loading was studied by application of current density across the articular
cartilage to induce an electroosmotic fluid flow.
The thesis has laid the ground work for several studies that can follow: studies involving
superimposing graded levels of compression with the disaccharide transport measurement, studies
involving disaccharide transport measurements under time-varying current application, and stud-
ies involving disaccharide transport through an intact articular cartilage surface.
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Appendix A
Disaccharide Partition Measurements
The hydration and GAG content values of articular cartilage slices are calculated as:
Hydration = WetWeight - Dry Weight
DryWeight
GAGContent = GAGWeightx 100DryWeight
Tables A. 1, A.2, A.3, A.4, and A.5 list the hydration and the GAG content values of articular
cartilage slices used in disaccharide partition measurements #1, #2, #3, #4, and #5, respectively,
with the calculated disaccharide partition coefficients.
Time (hours) Slice # Hydration GAG content Kdi
24 1 3.59 15.59 0.57
2 2.49 11.90 0.60
3 2.74 8.65 0.55
4 2.08 12.66 0.41
mean+SD 2.73 + 0.55 12.20 + 2.47 0.53 + 0.07
48 1 3.42 10.01 0.72
2 3.41 13.23 0.30
3 2.48 11.86 0.60
4 4.33 14.37 0.41
mean+SD 3.41 + 0.65 12.36 + 1.63 0.51 + 0.16
Table A. 1: Hydration and GAG content values of articular cartilage disks used in disaccharide
partition measurement #1. 3mm diameter, 200gtm thick articular cartilage disks were equilibrated
at 370C.
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Time (hours) Slice # Hydration GAG content Kdi
24 1 4.47 8.77 0.70
2 4.68 6.89 0.38
3 2.37 9.64 0.36
4 3.28 10.24 1.50
mean+SD 3.70 + 0.94 8.89 + 1.26 0.74 + 0.46
48 1 2.72 12.37 0.34
2 2.49 10.36 0.36
3 2.91 17.58 0.25
4 2.58 11.96 1.63
mean+SD 2.68 + 0.16 13.07 + 2.71 0.65 + 0.57
Table A.2: Hydration and GAG content values of articular cartilage disks used in disaccharide
partition measurement #2. 9mm diameter, 200gm thick articular cartilage disks were equilibrated
at 370C.
Temperature Slice # Hydration GAG content Kdi
370C 1 5.20 4.53 1.77
2 3.37 2.63 1.86
3 3.88 2.89 1.81
4 3.73 3.23 1.94
mean+SD 4.05 + 0.69 3.32 + 0.73 1.85 + 0.06
200C 1 3.39 2.87 2.56
2 4.07 3.60 1.79
3 3.73 3.16 1.85
4 3.36 3.09 1.49
mean+SD 3.64 + 0.29 3.18 + 0.27 1.92 + 0.39
Table A.3: Hydration and GAG content values of articular cartilage disks used in disaccharide
partition measurement #3. 9mm diameter, 400gm thick articular cartilage disks were equilibrated
for 48 hours.
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Time (hours) Slice # Hydration GAG content Kdi
72 1 5.74 15.74 1.00
2 5.58 15.17 1.16
3 7.05 16.57 0.92
4 3.53 8.29 0.82
5 4.17 9.33 0.96
mean+SD 5.21 + 1.24 13.02 + 3.48 0.97 + 0.11
96 1 3.71 11.42 1.07
2 6.13 21.22 0.85
3 3.44 11.33 0.84
4 3.03 11.90 0.92
5 4.37 15.60 0.89
mean+SD 4.14 + 1.09 14.29 + 3.81 0.91 + 0.08
Table A.4: Hydration and GAG content values of articular cartilage disks used in disaccharide
partition measurement #4. 3mm diameter, 400gm thick articular cartilage disks were equilibrated
at 20 0C.
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Time (hours) Slice # Hydration GAG content Kdi
24 1 3.75 3.25 1.46
2 3.17 3.02 1.72
3 3.17 2.97 2.24
4 4.99 2.41 1.45
5 3.92 3.35 1.41
mean+SD 3.80 + 0.67 3.00 + 0.33 1.66 + 0.31
48 1 2.56 3.04 3.48
2 3.76 2.90 0.59
3 3.28 3.71 0.66
4 4.40 3.06 0.92
5 3.20 3.10 1.54
mean+SD 3.44 + 0.61 3.16 + 0.28 1.44 + 1.07
Table A.5: Hydration and GAG content values of articular cartilage disks used in disaccharide
partition measurement #5. 9mm diameter, 400 jm thick articular cartilage disks were equilibrated
and desorbed at 200C.
Figure A.1, A.2, A.3, A.4, and A.5 show plots of the calculated disaccharide partition coeffi-
cient versus tissue hydration and plots of the calculated disaccharide partition coefficient versus
GAG content of the tissue for disaccharide partition measurements #1, #2, #3, #4, and #5 respec-
tively.
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Figure A. 1: Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue. A) Plot of the calculated disaccharide partition coefficient versus tissue
hydration for disaccharide partition measurement #1. B) Plot of the calculated disaccharide parti-
tion coefficient versus GAG content of the tissue for disaccharide partition measurement #1.
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Figure A.2: Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue. A) Plot of the calculated disaccharide partition coefficient versus tissue
hydration for disaccharide partition measurement #2. B) Plot of the calculated disaccharide parti-
tion coefficient versus GAG content of the tissue for disaccharide partition measurement #2.
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Figure A.3: Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue. A) Plot of the calculated disaccharide partition coefficient versus tissue
hydration for disaccharide partition measurement #3. B) Plot of the calculated disaccharide parti-
tion coefficient versus GAG content of the tissue for disaccharide partition measurement #3.
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Figure A.4: Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue. A) Plot of the calculated disaccharide partition coefficient versus tissue
hydration for disaccharide partition measurement #4. B) Plot of the calculated disaccharide parti-
tion coefficient versus GAG content of the tissue for disaccharide partition measurement #4.
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Figure A.5: Plots of the calculated disaccharide partition coefficient versus tissue hydration and
GAG content of the tissue. A) Plot of the calculated disaccharide partition coefficient versus tissue
hydration for disaccharide partition measurement #5. B) Plot of the calculated disaccharide parti-
tion coefficient versus GAG content of the tissue for disaccharide partition measurement #5.
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Appendix B
Disaccharide Transport Measurements
The hydration and GAG content values of articular cartilage slices are calculated as:
Hydration = WetWeight - DryWeight
DryWeight
GAGContent = GAGWeightx 100
DryWeight
Tables B.1, B.2, B.3, B.4, and B.5 list the hydration and the GAG content values of articular carti-
lage slices used in disaccharide transport measurements #1, #2, #3, #4, and #5, respectively, with
the calculated disaccharide diffusion coefficients.
Slice # Hydration GAG content di (cm2/sec)
1 3.56 6.88 3.93 X 10-6
2 5.28 10.39
3 3.36 8.63
4 4.01 5.09
5 3.72 7.66
mean+SD 3.99 + 0.68 7.73 + 1.77
Table B. 1: Hydration and GAG content values of 200gm thick articular cartilage disks used in
disaccharide transport measurement #1.
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Slice # Hydration GAG content mdi (cm2/sec)
1 3.02 8.85 4.98 X 10-6
2 2.69 10.07
3 3.74 12.03
4 2.85 9.03
5 3.57 10.07
mean+SD 3.17+0.41 10.01+ 1.13
Table B.2: Hydration and GAG content values of 200gm thick articular cartilage disks used in
disaccharide transport measurement #2.
Slice # Hydration GAG content Ddi (cm2/sec)
1 3.67 9.27 3.21 X 10-6
2 2.78 9.58
3 2.41 7.35
4 3.16 7.22
5 3.68 10.78
mean+SD 3.14 + 0.50 8.84 + 1.37
Table B.3: Hydration and GAG content values of 200gm thick articular cartilage disks used in
disaccharide transport measurement #3.
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Slice # Hydration GAG content Ddi (cm2/sec)
1 4.34 11.74 3.90 X 10-6
2 4.49 11.27
3 3.45 13.69
4 4.87 12.40
5 3.03 9.29
mean+SD 4.04 + 0.69 11.68 + 1.45
Table B.4: Hydration and GAG content values of 200gm thick articular cartilage disks used in
disaccharide transport measurement #4.
Slice # Hydration GAG content Ddi (cm 2/sec)
1 4.95 6.93 6.45 X 10-6
2 4.59 7.68
3 4.99 7.19
mean+SD 4.84 + 0.18 7.27 + 0.31
Table B.5: Hydration and GAG content values of 400gm thick articular cartilage disks used in
disaccharide transport measurement #5.
Figures B.1, B.2, B.3, B.4, and B.5 show plots of the disaccharide radioactivity CPM of the
downstream bath versus time for transport measurements #1, #2, #3, #4, and #5 respectively.
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Figure B.3: Plot of the downstream radiolabelled disaccharide CPM versus time from transport
measurement #3.
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Figure B.4: Plots of the downstream radiolabelled disaccharide CPM versus time from transport
measurement #4.
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Figure B.5: Plots of the downstream radiolabelled disaccharide CPM versus time from transport
measurement #5.
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